Introduction
============

Glycans decorate all eukaryotic cell surfaces through glycosylation which is considered to be one of the most important and complex post-modifications of proteins or lipids.[@cit1] Glycans mediate a range of biological activities and aberrant alterations of glycans on the cell surface usually reflect different onsets and progressions of diseases.[@cit2] For instance, an enhanced level of α-2,6 sialylation was observed in liver cancer progression,[@cit3] which is a potential biomarker in clinical diagnosis and therapy. Therefore, *in situ*, multiplexed and sensitive analysis of cell surface glycans is in urgent demand for understanding glycosylation machinery, correlating biological behaviors and facilitating biomarker discovery and clinical diagnosis.

Diverse strategies including fluorescence,[@cit4] electrochemical sensors[@cit5] and mass spectrometry (MS)[@cit6] based methods have been explored for the analysis of cell surface glycans. However, due to the band overlap of fluorescent tags and unavoidable fluorescence interference from biological matrices, it\'s hard to analyze multiple glycans simultaneously in one system, and electrochemical methods failed to give intuitive and spatial information on glycans. Due to their great ability to provide structural information, multi-component detection, and qualitative and quantitative analysis, MS-based methods have been widely used in proteomics and glycomics. However, the tedious sample preparation procedure leads to inevitable sample loss and undervaluation of certain glycans. Besides, sample homogenization makes MS-based methods fail to give *in situ* spatial information on glycan expression on the cell surface. Recently, some photocleavable mass probes[@cit7] and DNA barcodes[@cit8] were applied for *in situ* analysis of cell surface glycans. Unfortunately, they suffered from either lack of generic synthesis routes and optional tags, which greatly limited multiplexed analysis, or the requirement of a secondary signal amplification strategy, which made the operation too complicated. Thus, developing a simple, multiplexed and sensitive method for *in situ* detection of cell surface glycans is of great value for glycan-related research and glycobiology.

Herein, an *in situ* multiplexed glycan detection approach was proposed based on the design of a series of bifunctional laser cleavable mass probes (LCMPs) and laser desorption ionization mass spectrometry (LDI-MS) ([Scheme 1](#sch1){ref-type="fig"}). Our LCMPs were prepared *via* a simple and generic synthetic route. Specific glycan recognition was achieved by lectins tethered to gold nanoparticles (Au NPs) through a PEG linker (NHS-PEG-S-S-PEG-NHS), and sufficient mass tags (MTs) were modified on the gold surface through Au--S coordination to provide inherent signal amplification. Combining the specific lectin binding with inherent signal amplification of LCMPs, the analysis of glycans was converted to the detection of numerous MTs with ultra-high sensitivity, which overcame the low ionization efficiency and complicated data interpretation of glycans. The cell number (low to 20 cells) and amount of glycans on the cell surface were measured by using a semi-quantitation method with the help of an internal standard (IS). The bifunctional property of LCMPs, which are an efficient probe for glycan detection and an excellent matrix in LDI-MS, made them directly and flexibly applicable in cell recognition and further detection. It is noteworthy that multiplexed glycan analysis could be easily achieved due to the simple and generic synthetic route to LCMPs and serial alternative MTs provided here. The above advantages make it easy to combine the LCMPs with MS imaging to provide the visible distribution of glycans. This novel approach was applied to image intrinsic and fine glycan distribution in fresh human tissues, which provided mass spectrometric evidence of different expression levels of glycans in cancerous and paracancerous tissues, tissues with different pathological changes and tissues with different microstructures, revealing the correlation between glycan expression and various cancers. Therefore, this approach presented a simple and versatile platform for multiplexed glycan engineering and thus is very promising for wide applications from deciphering biological events to clinical biomarker discovery and therapeutic treatment.

![Schematic of (A) construction of LCMPs through a generic procedure and (B) multiplexed analysis of cell surface glycans and tissue imaging using LDI-MS.](c8sc04642e-s1){#sch1}

Results and discussion
======================

Synthesis and characterization of LCMPs
---------------------------------------

The key to the success of this method is the construction of LCMPs. Lectins were considered because of the specific recognition between lectins and glycans. For an ideal mass tag, low nonspecific interaction and interference are the key factors. In our experiments, concanavalin A (ConA) which specifically recognizes mannosyl moieties on the cell surface and (11-mercaptoundecyl)hexa(ethylene glycol) MT (HS-(CH~2~)~11~(OCH~2~CH~2~)~6~OH, MT1) were first selected to prepare Au\@ConA-MT1 (LCMP1) through a simple, generic synthetic route[@cit9] ([Scheme 1A](#sch1){ref-type="fig"}). This series of molecular homologues HS-(CH~2~)~11~(OCH~2~CH~2~)~*n*~OH were prepared from a generic synthetic route starting from H(OCH~2~CH~2~)~*n*~OH and applied in immunoassay,[@cit10] cellular uptake[@cit11] and DNA detection[@cit12] (Scheme S1[†](#fn1){ref-type="fn"}). Proportions of Au, lectins and MTs were systematically optimized to get stable and highly reactive LCMPs (Fig. S1[†](#fn1){ref-type="fn"}). Step-by-step assembly of Au\@ConA-MT1 was unambiguously verified by LDI-MS without an additional matrix ([Fig. 1A and B](#fig1){ref-type="fig"}) in which MT1 produced three characteristic mass signals with high intensity under laser irradiation. These three mass signals facilitated rapid identification even under complex matrices according to the characteristic fragment ions from sulfur loss (--32 Da), thus avoiding signal interference from the sample background. Transmission electron microscopy (TEM) images suggested a spherical and monodispersed Au\@ConA-MT1 with a particle diameter of about 20 nm ([Fig. 1C](#fig1){ref-type="fig"}) and a ConA corona with a 2 nm thickness (inset in [Fig. 1C](#fig1){ref-type="fig"}). Ultraviolet and visible (UV-Vis) spectroscopy showed a 7 nm red shift of the maximum absorption peak after lectin conjugation, which is attributed to interparticle plasmon coupling (Fig. S2A[†](#fn1){ref-type="fn"}). Besides, to further verify the successful conjugation of ConA on the Au surface, fluorescein isothiocyanate (FITC)-conjugated ConA was used to modify Au NPs. Bright green fluorescence emitted from Au\@ConA(FITC)-MT1 (Fig. S2B[†](#fn1){ref-type="fn"}) provided obvious evidence of ConA conjugation and further verified the feasibility of this synthesis method. Similarly, Au\@SNA-MT2 (LCMP2) and Au\@WGA-MT3 (LCMP3) were synthesized using *Sambucus nigra* agglutinin (SNA) and wheat germ agglutinin (WGA) as recognition units and HS-(CH~2~)~11~(OCH~2~CH~2~)~4~OH and HS-(CH~2~)~11~(OCH~2~CH~2~)~5~OH as MT2 and MT3, respectively. The SNA lectin specifically recognizes sialic acid (Sia) which is a common terminator of glycan chains and closely related to malignant transformation, while the WGA lectin shows specific binding to glycan *N*-acetylglucosamine (GlcNAc). MT2 was synthesized from CH~3~C(O)S(CH~2~)~11~(OCH~2~CH~2~)~4~OH through a simple alcoholysis reaction and MT3 was prepared starting from H(OCH~2~CH~2~)~5~OH. This series of molecular homologues could be synthesized from a generic route shown in Scheme S1[†](#fn1){ref-type="fn"} and have a similar mass fingerprint and ionization efficiency in LDI-MS, which offers great potential for multiplexed detection of analytes. Successful synthesis of Au\@SNA-MT2 and Au\@WGA-MT3 was confirmed by UV-Vis, TEM and fluorescence microscopy (Fig. S3[†](#fn1){ref-type="fn"}), respectively, which demonstrated the feasibility and universality of this synthesis method.

![(A) MS spectra of (a) Au NPs, (b) Au-MT1, (c) ConA, (d) Au\@ConA and (e) Au\@ConA-MT1 in the *m*/*z* range from 700 to 1000 Da (893.6, \[2MT1-H~2~S--S + Na\]^+^; 925.6, \[2MT1-H~2~S + Na\]^+^; 957.6, \[2MT1-H~2~+Na\]^+^; \* refers to Au~*n*~^+^) and (B) MS spectra of these probes in the *m*/*z* range from 1 kDa to 120 kDa (*m*/*z* 25.5 kDa (singly charged) and *m*/*z* 12.8 kDa (doubly charged) are subunits of ConA). (C) (a) TEM image (the inset is a high-resolution TEM image) and (b) mean diameter of Au\@ConA-MT1.](c8sc04642e-f1){#fig1}

*In situ* analysis of glycans
-----------------------------

For *in situ* analysis of cell surface glycans, MCF-7 cells were directly cultured on a conductive indium tin oxide (ITO) glass plate. After 24 h of incubation, the cells were fixed by paraformaldehyde solution and labeled by different LCMPs, followed by direct analysis using LDI-MS. As shown in Fig. S4,[†](#fn1){ref-type="fn"} the cells successfully grew on the ITO surface; the fixation and labeling processes wouldn\'t cause negative effects on the cells' morphology and viability. LCMPs themselves acted as an excellent matrix which facilitated the efficient desorption and ionization of different MTs, thus leading to a high response in MS analysis. To confirm the specific and selective recognition of the LCMPs, different nanoprobes (Au-MT1, Au\@BSA-MT1, Au\@ConA-MT1, Au\@SNA-MT2, and Au\@WGA-MT3) were used for cell labeling ([Fig. 2A](#fig2){ref-type="fig"}). As shown in [Fig. 2A(c), (d) and (e)](#fig2){ref-type="fig"}, strong characteristic peaks of MT1, MT2 and MT3 were observed, reflecting a large amount of mannose (Man), Sia and GlcNAc on the cell surface, respectively. In contrast, no signal was observed in control experiments ([Fig. 2A(a) and (b)](#fig2){ref-type="fig"}), showing negligible non-specific adsorption. To further verify the interaction between LCMPs and cells attributed to the specific lectin binding, a monosaccharide inhibition experiment was conducted ([Fig. 2B](#fig2){ref-type="fig"}). LCMPs were pre-incubated with different free monosaccharides, followed by incubation with cells. Exogenous Man, Sia and GlcNAc inhibited the binding of Au\@ConA-MT1, Au\@SNA-MT2 and Au\@WGA-MT3 to the cell surface, respectively, while fructose (Fru), xylose (Xyl) and galactose (Gal) showed no obvious inhibition. For multiplexed analysis of different glycans, a mixture of these three LCMPs was used for *in situ* cell labeling. [Fig. 2A(f)](#fig2){ref-type="fig"} clearly shows noninterference within these three MTs, and signal intensities were almost the same as those observed when they were used individually. Considering the simple and generic synthetic route to LCMPs and a series of alternative MTs presented here, this simple *in situ* method has great potential for the analysis of multiple glycans on the cell surface simultaneously and thus largely simplified the operation procedures and facilitated practical applications.

![(A) MS spectra of MCF-7 cells after incubation with (a) Au-MT1, (b) Au\@BSA-MT1, (c) Au\@ConA-MT1, (d) Au\@SNA-MT2, (e) Au\@WGA-MT3 and (f) the mixture of Au\@ConA-MT1, Au\@SNA-MT2 and Au\@WGA-MT3 (893.6, \[2MT1-H~2~S--S + Na\]^+^; 925.6, \[2MT1-H~2~S + Na\]^+^; 957.6, \[2MT1-H~2~ + Na\]^+^; 717.5, \[2MT2-H~2~S--S + Na\]^+^; 749.5, \[2MT2-H~2~S + Na\]^+^; 781.5, \[2MT2-H~2~ + Na\]^+^; 805.6, \[2MT3-H~2~S--S + Na\]^+^; 837.6, \[2MT3-H~2~S + Na\]^+^; 869.6, \[2MT3-H~2~ + Na\]^+^; \* refers to Au~*n*~^+^). (B) MCF-7 monosaccharide inhibition assay. LCMPs were pre-incubated with several monosaccharides before being labeled on the cell surface. *Y*-axis is the mass spectrometric signal intensity of LCMPs.](c8sc04642e-f2){#fig2}

Drug stimulation and semi-quantitation of cells
-----------------------------------------------

Dynamic alterations of a certain glycan under drug stimulations on the cell surface were evaluated to decipher its expression and biological function perturbed by inhibitors ([Fig. 3A](#fig3){ref-type="fig"}). Cells with a certain concentration were treated with 120 μM O-glycan inhibitor benzyl 2-acetamido-2-deoxy-α-[d]{.smallcaps}-galactopyranoside (BG) or 12 μM N-glycan inhibitor tunicamycin (TM) for 24 h before detection of LCMP1 for reflecting mannosyl expression. Compared with untreated cells, TM-treated cells showed a sharp decrease of signal intensity, which reflected the decrease of mannosyl expression. TM blocks the first step of N-glycosylation biosynthesis to inhibit N-glycans containing a pentasaccharide core of three mannose and two *N*-acetylglucosamine (GlcNAc~2~Man~3~), thus leading to a lower signal. However, even though the concentration of BG was ten-fold higher than that of TM, there was no obvious change because BG blocks the first *N*-acetylgalactosamine (GalNAc) of O-glycans but does not disturb N-glycosylation. On the other hand, as a glycosidase, PNGase F specifically cut innermost GlcNAc and asparagine residues of N-linked glycoproteins, thus causing an obvious decrease of signal intensity. Therefore, this novel *in situ* sensitive method provided a valuable tool for screening various inhibitors or stimulations of certain glycans. Further, this powerful strategy was used for semi-quantitation of cells. Cell suspensions with different concentrations were incubated with a certain amount of LCMP1 in a tube. IS Au-MT2 was mixed with cells before directly depositing the cell precipitation on an LDI-MS plate. Relative intensity (LCMP1/MT2) was proportional to cell concentration ranging from 5 × 10^2^ to 2 × 10^5^ cells per mL ([Fig. 3B and C](#fig3){ref-type="fig"}). According to the signal to noise ratio, the limit of detection was 200 cells per mL; since 100 μL cell suspensions were added in the experiment, as low as 20 cells were detected, which was comparable to those of electrochemical methods.[@cit13] This high sensitivity was attributed to the inherent signal amplification derived from numerous MTs on the probe and strong and specific recognition of glycans by lectins.

![(A) MS spectra of a certain amount of cells (5 × 10^5^ cells per mL) under different drug stimulations. (B) Correlation between relative intensity and cell concentration. (C) LDI-TOF MS spectra obtained from the analysis of cell precipitation at different concentrations: (a) 6 × 10^4^ cells per mL, (b) 2 × 10^4^ cells per mL, (c) 1 × 10^4^ cells per mL, (d) 2 × 10^3^ cells per mL and (e) no cells (control experiment). 100 μL cell suspensions were added in the experiment. The peak in blue color refers to the internal standard Au-MT2, and the peak in yellow color refers to LCMP1.](c8sc04642e-f3){#fig3}

Measurement of cell surface glycans
-----------------------------------

The proposed sensitive *in situ* analysis method was applied in the semi-quantification of cell surface Man, Sia and GlcNAc using a competition strategy. Relative intensity was proportional to the amount of LCMPs binding on the cell surface, which progressively increased with the increment of cells. Meanwhile, the competition strategy was constructed by adding a certain amount of free monosaccharides to the incubation mixtures on the basis of the assumption that these monosaccharides had the same binding kinetics as those on the cell surface. Upon the competitive binding of free monosaccharides and cell surface glycans to LCMPs, the relative intensity decreased due to the reduced conjugation of LCMPs on cells. For instance, linear correlations between relative intensity and cell number or added free mannose were measured. As shown in [Fig. 4](#fig4){ref-type="fig"}, the relative intensity increased linearly with cell numbers ranging from 1000 to 10 000 (*R*^2^ = 0.99) and was found to show a linear decrease with the addition of free mannose from 2 pmol to 10 pmol (*R*^2^ = 0.98). The slopes of binding curves for LCMP1, LCMP2 and LCMP3 were 5.2 × 10^--5^, 1.4 × 10^--4^ and 1.3 × 10^--4^, and the slopes of competition curves were --0.036, --0.15 and --0.12 for Man, Sia and GlcNAc, respectively. Thus, the average numbers of Man, terminal Sia and GlcNAc expressed on the cell surface could be estimated according to the ratio of these two slopes and were calculated to be 8.7 × 10^8^, 5.6 × 10^8^ and 6.5 × 10^8^, respectively (ESI[†](#fn1){ref-type="fn"}). These results demonstrated the feasibility of this novel method for quantitative detection of multiple glycans on the cell surface using LDI-MS.

![Plots of mass relative intensity of LCMP1, LCMP2, and LCMP3 *vs.* (A) cell number and (B) free monosaccharides added to the cell mixture.](c8sc04642e-f4){#fig4}

MS imaging of fresh tissues
---------------------------

Aberrant expression of cell surface glycans is a universal hallmark of various cancers. Here, our *in situ* detection strategy converted the analysis of glycans to detection of various MTs, effectively overcoming the low ionization efficiency and complicated MS pattern of glycans. Besides, bifunctional LCMPs acted as not only an efficient probe but also an excellent matrix in LDI-MS, which made them directly applicable in glycan recognition and further detection. The above advantages make it easy to combine LCMPs with MS imaging[@cit14] to provide the visible distribution of glycans in various cancer tissues. To test the feasibility of this imaging method, some control experiments were first conducted on a couple of hepatocellular carcinoma (HCC) tissues and paracancerous tissues. As clearly shown in Fig. S5,[†](#fn1){ref-type="fn"} Au-tag1 and Au-tag2 had negligible non-specific adsorption on cancerous tissues and paracancerous tissues; only by conjugation of lectins can probes generate strong mass signals. Furthermore, another pair of HCC tissue and paracancerous tissue was placed on the same ITO glass, a piece of specimen was used for hematoxylin and eosin (HE) staining and the other serial section was used for labeling and MS imaging. HE staining showed different pathologies in which larger cell nuclei with heteromorphism were observed in middle-differentiated HCC. As clearly shown in [Fig. 5A and B](#fig5){ref-type="fig"}, overexpression of sialic acid in HCC tissue was observed compared with that in paracancerous tissue while the expression level of mannose almost remained the same (the same result was also observed in another pair of liver tissues in Fig. S5[†](#fn1){ref-type="fn"}). This was in good accordance with SERS imaging results[@cit15] and may be attributed to up-regulated β-galactoside α-2,6-sialyltransferase in HCC.[@cit16] HCC accounts for 90% of primary liver cancer, and this malignant tumor leads to a low survival rate, partly due to tumors being diagnosed at an advanced stage. Our simple and powerful *in situ* detection method reflected glycan alterations during disease initiation and progression and thus is very promising in early diagnosis of various cancers. In another liver cancer patient, a significant difference was observed in various pathological changes (Fig. S6[†](#fn1){ref-type="fn"}); for instance, almost no glycans were found in the hepatic necrosis area, and relatively low expression of glycans was observed in the liver fibrosis area while both cancer and hepatitis areas showed high expression of glycans. Besides, we also demonstrated the sialic acid and mannose imaging result of colorectal cancer tissue in [Fig. 5C](#fig5){ref-type="fig"}. In contrast to previous results, expression levels of these two glycans in cancer tissue were slightly lower than those in paracancerous one. It is noteworthy that, in cancer tissue, both glycans were expressed on the epithelial cell surface but not in the acinotubular section. However, in paracancerous tissue, glycans widely distributed on epithelial cells and acinus while the lamina propria area of connective tissue showed very low expression of sialic acid in contrast to mannose. All the above results showed the robustness and reliability of this pragmatic LCMP in distinguishing cancer tissues, tissues with different pathological changes and tissues with different microstructures based on various glycan alterations, which is significantly promising in clinical applications.

![(A) HE staining, microphotographs, and MS images of LCMP2 and LCMP1 on liver cancer and paracancerous tissues, respectively. LCMP2: sialic acid and LCMP1: mannose. (B) Average intensity of (a) LCMP2 and (b) LCMP1 on liver cancer (red line) and paracancerous tissues (blue line). (C) HE staining, microphotographs, and MS images of LCMP2 and LCMP1 on colorectal cancer and paracancerous tissues, respectively. The numbers in HE staining images refer to different microstructures of tissues. (1) Epithelial tissue, (2) acinotubular section, and (3) lamina propria area of connective tissue.](c8sc04642e-f5){#fig5}

Conclusions
===========

In conclusion, a simple, multiplexed and sensitive methodology based on LCMPs and LDI-MS was provided for *in situ* analysis of cell surface glycans. LCMPs were prepared through a simple and generic synthetic route, and thus multiplexed detection could be easily conducted by simply replacing different lectins and MT homologues presented here. Numerous MTs incorporated on the Au surface led to inherent signal amplification of LCMPs, which converted the analysis of glycans to the detection of MTs with high sensitivity, overcoming the low ionization efficiency, lability of glycans and complicated data interpretation. Moreover, bifunctional LCMPs also acted as an excellent matrix in LDI-MS, making them directly applicable in cell recognition, detection and tissue imaging. These pragmatic bifunctional LCMPs were further used for imaging of intrinsic glycan distribution in several fresh human tissues to decipher the correlation between glycan alteration and cancer progression. This approach presented a versatile platform for *in situ* multiplexed glycan detection, which is also a powerful tool for understanding glycosylation machinery, deciphering glycobiology, and facilitating diagnosis and biomarker discovery.
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